Cognitive impairment is one of the most common co-occurring chronic conditions among elderly heart failure patients (incidence: up to~80%); however, the underlying mechanisms are not completely understood. It is hypothesized that in addition to decreased cardiac output, increases in central-and consequentially, cerebral-venous pressure (backward failure) also contribute significantly to the genesis of cognitive impairment. To test this hypothesis and elucidate the specific pathogenic role of venous congestion in the brain, we have established a novel model of increased cerebral venous pressure: mice with jugular vein ligation (JVL). To test the hypothesis that increased venous pressure in the brain contributes to the development of cognitive
deficits by causing blood-brain barrier disruption, dysregulation of blood flow, and/or promoting neuroinflammation, in C57BL/6 mice, the internal and external jugular veins were ligated. Cognitive function (radial arm water maze), gait function (CatWalk), and motor coordination (rotarod) were tested post-JVL. Neurovascular coupling responses were assessed by measuring changes in cerebral blood flow in the whisker barrel cortex in response to contralateral whisker stimulation by laser speckle contrast imaging through a closed cranial window. Blood-brain barrier integrity (IgG extravasation) and microglia activation (Iba1 staining) were assessed in brain slices by immunohistochemistry. Neuroinflammation-related gene expression profile was assessed by a targeted qPCR array. After jugular vein ligation, mice exhibited impaired spatial learning and memory, altered motor coordination, and impaired gait function, mimicking important aspects of altered brain function observed in human heart failure patients. JVL did not alter neurovascular coupling responses. In the brains of mice with JVL, significant extravasation of IgG was detected, indicating bloodbrain barrier disruption, which was associated with histological markers of neuroinflammation (increased presence of activated microglia) and a pro-inflammatory shift in gene expression profile. Thus, cerebral venous congestion per se can cause blood-brain barrier disruption and neuroinflammation, which likely contribute to the genesis of cognitive impairment. These findings have relevance
Introduction
Chronic heart failure is a significant health problem in the aging population of the Western world that affects over 10% of the elderly (Leto and Feola 2014) . Despite important advances in pharmacological therapies and prevention of heart failure, mortality and morbidity are still high and the quality of life of affected patients is poor. Cognitive impairment is an important complication of heart failure among older adults that contributes to decreased quality of life (Woo et al. 2009; Beer et al. 2009; Hooghiemstra et al. 2017 ) (incidence: from 25 to 80%) (Leto and Feola 2014; Cannon et al. 2017) . Heart failure likely exerts multifaceted effects on the brain (Jefferson et al. 2010) . It may impair cerebral blood flow (CBF) by decreasing cardiac output (termed "forward failure") (Roy et al. 2017; Loncar et al. 2011; Gruhn et al. 2001; Cornwell III and Levine 2015; Choi et al. 2006) , lowering perfusion pressure, which are recognized as important factors contributing to cognitive decline (Fulop et al. 2019) . Importantly, heart failure also causes systemic venous congestion (termed "backward failure"), which raises jugular venous pressure that is transmitted to the cerebral circulation (Watson et al. 2000) . It is hypothesized that cerebral venous congestion plays a significant role in the development of cognitive decline (Fulop et al. 2019 ). Yet, there are no experimental studies extant that attempt to selectively investigate the mechanistic effects of cerebral venous congestions on cognitive function.
The present study was designed to experimentally test the hypothesis that cerebral venous congestion per se can elicit cognitive impairment by promoting blood-brain barrier disruption, neuroinflammation, and/or by impairing regulation of CBF. To achieve this goal and to elucidate the specific pathogenic role of venous congestion in the brain, we have established a novel model of increased cerebral venous pressure: mice with jugular vein ligation. To test the hypothesis that increased venous pressure in the brain contributes to the development of cognitive deficits by causing blood-brain barrier disruption, dysregulation of blood flow, and/ or promoting neuroinflammation, in C57BL/6 mice, the internal and texternal jugular veins were ligated. On the second week after the JVL, cognitive function (radial arm water maze), gait function (CatWalk), and motor coordination (rotarod) were tested. Neurovascular coupling responses were assessed by measuring changes in CBF in the whisker barrel cortex in response to contralateral whisker stimulation by laser speckle contrast imaging. Blood-brain barrier integrity (IgG extravasation) and microglia activation (CD68/Iba1 staining) were assessed in brain slices by immunohistochemistry. Neuroinflammation-related gene expression profile was assessed by a targeted qPCR array. In addition, the additive effects of venous congestion and arterial hypertension were studied by treating control and experimental mice with angiotension II.
Methods

Animals, jugular vein ligation
Adult (10 months old, n = 40) male C57BL/6 mice (purchased from the Jackson Laboratories) were used. Animals were housed under specific pathogen-free barrier conditions in the Rodent Barrier Facility at the University of Oklahoma Health Sciences Center under a controlled photoperiod (12-h light; 12-h dark) with unlimited access to water and were fed a standard AIN-93G diet (ad libitum). All procedures were approved by the Institutional Animal Use and Care Committees of the University of Oklahoma Health Sciences Center.
To test the effect of venous congestion on the brain, the mice were divided into two groups: (1) bilateral external and internal jugular vein ligation (JVL), (2) sham-operated control. One group underwent a venous occlusion surgery, according to the published protocol of Auletta and coworkers (Auletta et al. 2017) . The other group underwent sham operation. In brief, anesthesia of mice was induced with 4% of isoflurane and was kept between 1.5 and 2% during the surgical procedure. Bilateral occlusion of the external jugular veins and the internal jugular veins was performed according to the protocol of Auletta and coworkers (Auletta et al. 2017) . The interruption of blood flow was obtained via surgical ligation. Sham operation consisted of bilateral surgical exposure of both the external jugular veins and the internal jugular veins without surgical ligation, with the same length of anesthesia. Each mouse was placed in a dorsally recumbent position on a heating pad and the hair was removed. A cutaneous midline incision was made on the neck. Blunt dissection of the loose fascia was performed, and the salivary glands were separated and reflected dorsolaterally to expose the external jugular veins. The common trunk of the external jugular veins, which is situated close to the thoracic inlet, was exposed for surgical ligation. The internal jugular veins, located over the carotid arteries next to the vagus nerve, were also exposed for surgical ligation. The surgical ligations were performed using a 6-0 polyfilament surgical suture. Two surgeon's knots were placed around the veins so that the vessels could be cut between the knots. Once the surgerical ligations were completed, the wounds were closed using a 6-0 nylon monofilament surgical suture with a simple continuous pattern. Antibiotic ointment was applied over the closed wound and the mice were allowed to recover. The medication was applied every day for five consecutive days. The mice were checked daily for suture failure, infection, and bleeding. The overall success rate of the surgical ligation was over 90%. After a recovery period of 7 days, animals underwent behavioral evaluation a n d t e r m i n a l e x p e r i m e n t a t i o n t o m e a s u r e neurovascular coupling responses
Induction of hypertension
The additive effect of venous congestion and arterial hypertension on BBB integrity and neuroinflammation was studied in a separate set of animals with bilateral ligation of external jugular veins and the internal jugular veins or sham operation. Arterial hypertension was induced by a combination treatment with ω-nitro-Larginine-methyl ether (L-NAME, 100 mg/kg/day, in drinking water) and administration of angiotensin II (Ang II; s.c. via osmotic mini-pumps [Alzet Model 2006, 0.15 μl/h, Durect Co, Cupertino, CA]). Pumps were filled with either saline or solutions of angiotensin II (Sigma Chemical Co., St. Louis, MO, USA) that delivered (subcutaneously) 1 μg/min/kg of angiotensin II, thus generating four experimental groups: (1) JVL + Ang II, (2) JVL + vehicle, (3) sham control + Ang II, and (4) sham control + vehicle. Pumps were placed into the subcutaneous space of ketamine/xylazine-anesthetized mice through a small incision in the interscapular area that was closed with surgical sutures using aseptic techniques. All incision sites healed rapidly without the need for additional medication. Blood pressure of the animals was measured using a tail-cuff blood pressure apparatus (CODA Non-Invasive Blood Pressure System, Kent Scientific Co., Torrington, CT), as described (Toth et al. 2015a ). Animals were sacrificed on day 10 postinduction of hypertension and/or JVL for tissue collection.
Standardized neurological examination of mice
Neurological examination was performed as reported (Toth et al. 2015a; Tarantini et al. 2017a ), by assessing each animal's spontaneous activity, symmetry in the movement of the four limbs, forelimb outstretching, climbing ability, body proprioception, response to vibrissae touch, and gait coordination. Each examined animal was provided with a score calculated by the summation of all individual test scores.
Behavioral studies
Behavioral tasks were performed on the second week post-operationally to characterize the effect of jugular vein ligation on learning and memory, sensory-motor function, gait, and locomotion.
Radial arm water maze testing
Spatial memory and long-term memory were tested using the radial arm water maze task, as described Tarantini et al. 2018a; Ungvari et al. 2017a; Shukitt-Hale et al. 2004 ). The maze consisted of eight arms 9 cm wide that radiated out from an open central area, with a submerged escape platform located at the end of one of the arms. Paint was added into the water to make it opaque. The maze was surrounded by privacy blinds with extramaze visual cues. Intramaze visual cues were placed at the end of the arms. The mice were monitored by a video tracking system directly above the maze as they waded and parameters were measured using Ethovision software (Noldus Information Technology Inc., Leesburg, VA, USA). Experimenters were unaware of the experimental conditions of the mice at the time of testing. During the learning period each day, mice were given the opportunity to learn the location of the submerged platform during two sessions each consisting of four consecutive acquisition trials. On each trial, the mouse was started in one arm not containing the platform and allowed to wade for up to 1 min to find the escape platform. All mice spent 30 s on the platform following each trial before beginning the next trial. The platform was located in the same arm on each trial. Over the 3 days of training, mice in the young control group gradually improved performance as they learned the procedural aspects of the task. Upon entering an incorrect arm (all four paws within the distal half of the arm) or failing to select an arm after 15 s, the mouse was charged an error. Learning capability was assessed by comparing performance on days 2 and 3 of the learning period. When eventually both groups learned the procedural aspects of the task, the mice were placed in their home cage for 7 days. Then, the mice were administered the retention trial on day 10.
Rotarod, motor skill learning
Motor coordination was assessed in JVL and shamoperated control mice by using an automated four-lane rotarod (Columbus Instruments, Columbus, OH) as described (Tarantini et al. 2015) . Analysis of day-to-day changes in performance on the accelerating rotarod test was used to evaluate the motor skill learning. In brief, mice were pre-trained by placing them on the moving rotarod at 10 rpm until they performed at this speed for 120 s. On the days of testing, mice were habituated in their home cages and acclimate to the testing room for at least 15 min. The test phase consisted of 3 trials (separated by 15-min inter-trial intervals) per day for 4 days. The testing apparatus was set to accelerate from 4 to 40 rpm in 300 s. One mouse was then placed on each lane and the rotarod was started with an initial rotation of 4 rpm. The rotational velocity was set to increase every 10 s and the latency to fall was recorded. Latency to fall was recorded in seconds by an infra-red beam across the fall path along with the max rpm sustained by each mouse (MacLaren et al. 2014) .
Grip strength test
A grip strength test was used to measure the maximal muscle strength of forelimbs of the mice. Forelimb grip strength was assessed using a grip strength meter (Chatillon Ametek Force Measurement, Brooklyn, New York). The strength measurements of each group of mice were measured three times by the same investigator. The maximum grip strength values were used for subsequent analysis.
Measurement of neurovascular coupling responses
Neurovascular coupling (functional hyperemia) is a critical homeostatic mechanism that ensures adequate adjustment of cerebral blood flow to increases in the oxygen and nutrient demands of activated neurons Csiszar et al. 2017; Tarantini et al. 2017b; Tarantini et al. 2017c) . Several cardiovascular risk factors promote cognitive decline by impairing neurovascular coupling. In the present study, we tested the hypoythesis that venous congestion also may negatively impact neurovascular coupling responses. To achieve that goal, after behavioral testing, mice in each group were anesthetized with isoflurane (4% induction and 1% maintenance), endotracheally intubated and ventilated (MousVent G500; Kent Scientific Co, Torrington, CT). A thermostatic heating pad (Kent Scientific Co, Torrington, CT) was used to maintain rectal temperature at 37°C [26] . End-tidal CO 2 was controlled between 3.2 and 3.7% to keep blood gas values within the physiological range, as described (Tarantini et al. 2015; Toth et al. 2015b ). The right femoral artery was cannulated for arterial blood pressure measurement (Living Systems Instrumentations, Burlington, VT) (Toth et al. 2014) . The blood pressure was within the physiological range throughout the experiments (90-110 mmHg). Mice were immobilized and placed on a stereotaxic frame (Leica Microsystems, Buffalo Grove, IL), the scalp and periosteum were pulled aside, and the skull was gently thinned using a dental drill while cooled with dripping buffer. A laser speckle contrast imager (Perimed, Järfälla, Sweden) was placed 10 cm above the thinned skull, and to achieve the highest CBF response, the right whiskers were stimulated for 30 s at 10 Hz from side to side. Differential perfusion maps of the brain surface were captured. Changes in CBF were assessed above the left barrel cortex in six trials in each group, separated by 5-10min intervals. At the end of the experiments, the animals were transcardially perfused and decapitated. The brains were immediately removed and pieces of the somatosensory and motor cortex were isolated and frozen for subsequent analysis.
Immunofluorescent labeling and confocal microscopy: assessment of blood-brain barrier disruption and microglia activation Mice were transcardially perfused with PBS; then, brains were removed and hemisected. The left hemispheres were fixed overnight in 4% paraformaldehyde, then were cryoprotected in a series of graded sucrose solutions (10%, 20%, and 30% overnight) and frozen in Cryo-Gel (Electron Microscopy Sciences, Hatfield, PA). Coronal sections of 70 μm were cut through the hippocampus and stored free-floating in cryopreservative solution (25% glycerol, 25% ethylene glycol, 25% 0.2 M phosphate buffer, 25% distilled water) at -20°C. Selected sections were~1.6 mm caudal to bregma, representing the more rostral hippocampus. After washing (3× for 5 min with TBS then 3× for 5 min with 1× TBS + 0.25% Triton X-100), sections were treated with boiling sodium citrate buffer (pH 6) for 20 min. After a second washing step (3× for 5 min with distilled water plus 3× for 5 min with 1× TBS) and blocking in 5% BSA/TBS (with 0.5% Triton X-100, 0.3 M glycine, and 1% fish gelatin; for 3 h), sections were immunostained using primary antibodies for 2 nights at 4°C. The following primary antibodies were used: goat anti-mouse IgG (1:100, FITC conjugated; Cat No.: 005-090-003, Jackson Immuno Research, West Grove, PA) to label extravasated IgG and rabbit anti-mouse Iba1 (1:50, unconjugated; Cat No.: 019-19741, Wako, Richmond, VA) to label microglia. Alexa Fluor 647-labeled donkey antirabbit IgG was used as the secondary antibody to label Iba1+ microglia (Abcam, Cambridge, MA). Sections were washed for 3× for 5 min with TBS then 3× for 5 min with 1× TBS + 0.25% Triton X-100. For nuclear counterstaining, DAPI (Life Technologies, Grand Island, NY) was used. Then, the sections were transferred to slides and cover-slipped with prolong antifade mounting medium. Confocal images were captured using a Leica SP8 MP confocal laser scanning microscope.
Immunofluorescent labeling for Iba1 was used to identify activated microglia in the brain, respectively. The relative numbers of Iba1-positive microglia per region of interest in the hippocampus were calculated. In each animal, 4 randomly selected fields from the hippocampus were analyzed in 6 nonadjacent sections. Six animals per group were analyzed.
Assessment of pro-inflammatory gene expression in the hippocampus
In addition to quantifying microglia activation, we analyzed relative abundance of several neuroinflammatory cytokines/chemokines through quantitative real-time PCR with RNA isolated from snap-frozen hippocampal samples using validated TaqMan Gene Expression Assays (Applied Biosystems) and a Strategen MX3000 platform as described (Tucsek et al. 2014a) . Total RNA was isolated with RNeasy Mini Kit (QIAGEN) using a fully automated QIAcube-based workflow and was reverse transcribed using the High Capacity RNA-to-cDNA synthesis kit (Applied Biosystems) as described previously (Bailey-Downs et al. 2012) . QRT-PCR quantification was performed using the ΔΔCq method. The relative quantities of the reference genes Hprt, Ywhaz, B2m, Actb, and S18 were determined and a normalization factor was calculated based on the geometric mean for internal normalization.
Results
Jugular vein ligation results in impaired cognitive function in mice
To determine how JVL impacts cognitive function in mice, animals were tested in the radial arm water maze (Fig. 1) . We compared the learning performance of mice in each experimental group by analyzing the day-to-day changes in the combined error rate. During acquisition, mice from both groups showed a decrease in the combined error rate (Fig. 1b) across days, indicating learning of the task. After the first day of learning, sham-operated mice tended to have lower combined error rate than mice with JVL ( Fig. 1b) .
To analyze working memory function (short-term memory that is involved in immediate conscious perception), we examined re-entries into incorrect arms (without hidden platform) that were previously attempted for escape. We found that working memory function was also impaired in mice with JVL as compared with sham-operated control mice (Fig. 1c) . The analyses of noncognitive parameters revealed no difference in swimming speed and non-exploratory behavior (the cumulative time the mice spent not actively looking for the platform, e.g., floating) (data not shown). Taken together, the aforementioned results suggest that cerbral venous congestion associated with JVL in mice impairs performance in the radial arm water maze, which results from a decline in hippocampaldependent spatial learning and memory and not from changes in motor or motivational processes.
Jugular vein ligation does not affect neurovascular coupling responses
There is strong evidence that impairment of neurovascular coupling responses associates with cognitive decline (Tarantini et al. 2015; Tarantini et al. 2017c ). Neurovascular coupling responses are sensitive to a wide range of cardiovascular risk factors Tarantini et al. 2018a; Toth et al. 2014 Toth et al. , 2015b Tarantini et al. 2017d Tarantini et al. , 2018b Toth et al. 2017; Tucsek et al. 2014b) , including changes in the hemodynamic environment (De Silva and Faraci 2012; Dunn and Nelson 2014; Faraco et al. 2016; Kazama et al. 2004 ). Thus, we Animals with JVL tend to have higher combined error rates throughout the learning phase and probe day 10 as compared with sham-operated controls. c JVL results in higher working memory error rates as compared with sham-operated controls. n = 10-15 for each data point. All data are shown as mean ± SEM. Statistical significance was calculated using one-way ANOVA with Tukey's post hoc test to determine differences among groups. *P < 0.05 hypothesized that venous congestion may also promote neurovascular dysfunction. Contrary to our hypothesis, we found that CBF responses in the whisker barrel cortex elicited by contralateral whisker stimulation were unaffected by JVL (Fig. 2) .
Effects of jugular vein ligation on neurological parameters, grip strengths, and motor learning function
We found that JVL resulted in a significant decline in the neurological score (Fig. 3a) . To investigate the effects of JVL on the motor performance of mice, we measured performance of the accelerating rotarod and grip strength which evaluate muscle strength, balance, and endurance. We found a discernible trend for decline in grip strength in mice with JVL ( Fig. 3b ). Motor skill learning was assessed using a modified rotarod test. During a 4-day-long experimental period, mice with JVL displayed a skill learning curve that was similar to sham-operated controls (Fig. 3c ).
Jugular vein ligation exacerbates BBB disruption in the hippocampus
Using extravasated plasma-derived IgG as a marker for increased hippocampal cerebrovascular permeability, we tested the hypothesis that in mice cerebral venous congestion per se is associated with an exacerbated BBB disruption. Immunostaining for plasma-derived IgG revealed significant IgG deposits in the hippocampus of mice with JVL, which was further exacerbated by induction of hypertension (Fig. 4) . IgG leakage in the hippocampus of hypertensive sham-operated mice was significantly lower, and there was no detectable IgG leakage in normotensive control mice (Fig. 4) .
Jugular vein ligation exacerbates neuroinflammation in the hippocampus
Previous studies suggest that leakage of plasma-derived factors through the damaged BBB has the potential to induce neuroinflammation by activating microglia (Tucsek et al. 2014a; Zlokovic 2008; Valcarcel-Ares et al. 2018) . We found that in the hippocampi of shamoperated control mice, the number of activated Iba1+ microglia was low (Fig. 5a, b) . In the hippocampi of mice with JVL, the number of activated Iba1+ microglia was increased (Fig. 5a, b ). We found that JVL-induced microglia activation was exacerbated in the hippocampi of hypertensive mice (Fig. 5a, b) . Sustained JVL-induced activation of microglia was associated with an increased expression of several pro-inflammatory cytokines and chemokines in the hippocampi and this effect was exacerbated by hypertension ( Fig. 5c ).
Discussion
The key finding of this study is that cerebral venous congestion per se promotes blood-brain barrier disruption and neuroinflammation, which associate with cognitive impairment in a validated mouse model of increased cerebral venous pressure (Auletta et al. 2017) . This is the first study, to our knowledge, to demonstrate that isolated cerebral venous congestion induced by bilateral jugular vein occlusion associates with cognitive decline in mice. The critical role for increased venous pressure per se in the genesis of neuronal dysfunction in humans is supported by the findings that in addition to patients suffering from backward heart failure, patients with cerebral venous hypertension induced Fig. 2 Effects on jugular vein ligation (JVL) on neurological parameters, grip strength, and motor skill learning. a JVL in mice resulted in a significant decline in the composite neuroscore. b Grip strength measured in mice with JVL tended to be weaker than the force values produced by sham-operated controls. c Motor skill learning on the accelerating rotarod. Daily changes in mean latencies to fall for mice with JVL and sham-operated controls are shown. Data are mean ± S.E.M. (n = 10-20 for each data point). *P < 0.05 vs. sham control by severe heart valve insufficiency (Sung et al. 2019) or an intracranial dural arteriovenous fistula (Randall et al. 2015; Morparia et al. 2012; Dinc et al. 2019; Geraldes et al. 2012; Hurst et al. 1998; Labeyrie et al. 2014; Racine et al. 2008 ) often exhibit (potentially reversible) cognitive impairment. In that regard, it is interesting that in a transgenic mouse model slowly developing isolated heart failure at the stage of early left ventricle diastolic dysfunction (with preserved ejection fraction) already associates with cognitive impairment (Adamski et al. 2018) . Rodent models of cerebral venous congestion caused by arteriovenous anastomosis also exhibit cognitive impairment, extending the human observations (Hai et al. 2009; Zhang et al. 2019 ). In addition, elderly patients often exhibit jugular venous reflux, which leads to stagnation or reversal of the internal jugular vein flow, promoting transmission of increased central venous pressure to the cerebral venous circulation. The internal jugular vein valve, which is critical for the prevention of jugular venous reflux (Lepori et al. 1999 ; Dhanger et al. sham control, # P < 0.05 vs. no Ang II. c Cerebral venous congestion induced by JVL is associated with a pro-inflammatory shift in cytokine expression profiles in the mouse hippocampus. The heat map is a graphic representation of normalized mRNA expression of cytokines and chemokines depicted by color intensity, from highest (bright red) to lowest (white) changes in expression (n = 6 in each group). Mice with JVL-induced venous congestion superimposed upon systemic hypertension have the highest expression of inflammatory markers`5 2016), is frequently incompetent in the elderly (Uchino et al. 2007; Inano et al. 2010; Kudo et al. 2004; Jang et al. 2013; Kang et al. 2015; Kim et al. 2014) promoting cerebral venous hypertension (e.g., during sustained Valsalva maneuver ) (Zivadinov and Chung 2013) . Importantly, incidence of jugular valve incompetence can reach~30 to 90% in the general population (Valecchi et al. 2010; Akkawi et al. 2002) .
The mechanisms by which cerebral venous congestion/increased cerebral venous pressure promotes cognitive impairment are likely multifaceted (Fig. 6 ). Our studies provide direct evidence that cerebral venous congestion promotes BBB disruption, which associates with significant neuroinflammation (microglia activation and upregulation of pro-inflammatory cytokines and chemokines). These results extend previous findings obtained in Sprague-Dawley rats showing that superior venae cavae occlusion, which increases pial venous pressure from~7 to~30 mmHg, also results in significant BBB disruption (Mayhan and Heistad 1986) . Signs of venous congestion (enlarged atria) were also reported to associate with compromised BBB permeability in a transgenic mouse model of heart failure (Adamski et al. 2018) . The mechanisms of BBB disruption associated with venous congestion likely involve mechanical damage to thin-walled venules and capillaries, including impairment of tight junctions. Our findings demonstrate that through the damaged BBB evident in mice with JVL, plasma constituents, including IgG, enter the brain. Plasma-derived factors can affect neuronal function by multiple mechanisms (Zlokovic 2008; Fernandez-Vizarra et al. 2012) , including the induction of neuroinflammation (Tucsek et al. 2014a; Bruce-Keller et al. 2010; Pistell et al. 2010; White et al. 2009 ). Plasma-derived IgG is a particularly potent stimulus for microglia activation, via activating IgG Fcγ receptors (Tucsek et al. 2014a) . Other plasma constituents that can contribute to microglia activation upon BBB disruption include thrombin, fibrinogen, and inflammatory cytokines (Davalos et al. 2012; Carreno-Muller et al. 2003) . Here we provide evidence that in mice with cerebral venous congestion, BBB disruption and increased extravasation of IgG and likely other plasma constituents are associated with an exacerbated neuroinflammatory response (Adamski et al. 2018) as Fig. 6 Potential contribution of elevated venous pressure to cognitive decline in elderly heart failure patients. In older adults, heart failure was shown to associate with cognitive decline. The scheme depicts putative synergistic effects of heart failure-induced chronic hypoperfusion of the brain and increased venous pressure, which exacerbates blood-brain barrier disruption, neuroinflammation, white matter damage, and neuronal dysfunction, promoting cognitive impairment in elderly patients with heart failure. RAAS, renin-angiotensin-aldosterone system shown by the increased number of activated microglia and upregulation of inflammatory mediators in the hippocampi. Pro-inflammatory cytokines, chemokines, proteases, and reactive oxygen species derived from activated microglia have been shown to promote neuronal dysfunction (Gao et al. 2003; Kaneko et al. 2012; Block et al. 2007 ). Importantly, we found that the deleterious effects of cerebral venous congestion on bloodbrain barrier integrity and inflammatory processes are exacerbated by comorbid hypertension. This observation has important clinical relevance. A large percentage of heart failure patients have a history of hypertension and these patients perform worse in cognitive tests than those without such history (Alosco et al. 2012) . Future studies should determine that the synergistic negative effects of heart failure and hypertension on cognitive function involve exacerbated BBB disruption and neuroinflammation. Additional mechanisms by which increased cerebral venous pressure may promote cognitive decline include decreases of cerebral blood flow, microhemorrhages , and altered cerebrospinal fluid absorption (Fulop et al. 2019) . Heart failure patients are also frequently diagnosed with white matter hyperintensities (WMHs, a radiological finding showing damage in the white matter regions of the brain near the lateral ventricles on T2/ FLAIR MRI sequences) (Alosco et al. 2013) , which predict poorer attention and executive function (Alosco et al. 2015) . In addition to tissue ischemia (Makedonov et al. 2013) , increased cerebral venous pressure has been causally linked to the pathogenesis of WMHs (Fulop et al. 2019; Moody et al. 1995; Chung and Hu 2010) . Further studies are warranted to test the mechanistic roles of BBB disruption and neuroinflammation associated with cerebral venous congestion in the neuropathological changes contributing to WMHs (Jorgensen et al. 2018 ).
In conclusion, our preclinical findings provide evidence supporting a potentially important role of cerebral venous congestion in the pathogenesis of cognitive impairment associated with heart failure and other pathological conditions (Fig. 6 ). New investigations using transgenic animal models and rodent and primate animal models of aging Reglodi et al. 2018; Deepa et al. 2017; Fang et al. 2017; Ashpole et al. 2017; Justice et al. 2017; Bernier et al. 2016; Mattison et al. 2012; Mattison et al. 2014 ) are needed to better understand the relationships among cerebral venous congestion, neuroinflammation and neuronal dysfunction and/or the pathogenesis of specific age-related diseases (e.g., Alzheimer's disease). Both rodent (Adamski et al. 2018 ) and canine models of age-related heart failure could be quite relevant in that regard (Urfer et al. 2017; Labinskyy et al. 2007; Lei et al. 2004; Lionetti et al. 2005) . Studies investigating the interaction of cerebral venous congestion-induced neuroinflammation and activation of inflammatory mechanisms by other comorbid conditions Tucsek et al. 2014a, b; Leng et al. 2017; Tucsek et al. 2017; Toth et al. 2013; Van Skike et al. 2018 ) are also warranted. Prospective clinical studies on heart failure patients that include in the study design endpoints that reflect jugular venous reflux, cerebral venous pressure, microvascular damage, and neuroinflammation as well as cognitive performance (Carlson et al. 2018) are also needed.
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